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Evidence That Vesicles on the Synaptic Ribbon
of Retinal Bipolar Neurons
Can Be Rapidly Released
Henriquevon Gersdorff,*²Eilat Vardi,³GaryMatthews,* release rate; otherwise an auxillary mechanism would
be unneeded, but there was little evidence until recentlyand Peter Sterling³
*Department of Neurobiology and Behavior (Rao et al., 1994; Parsons et al., 1994) regarding the
release rate at a ribbon synapse. Here, we calculate thisState University of New York, Stony Brook
Stony Brook, New York 11794-5230 rate for the ribbon synapse of the giant bipolar cell.
The giant synaptic terminal isolated from a goldfish³Department of Neuroscience
University of Pennsylvania retinal bipolar neuron responds to depolarization by ac-
tivating a presynaptic Ca21 current followed by a rapidPhiladelphia, Pennsylvania 19104-6058
rise in capacitance thought to represent exocytosis of
synaptic vesicles (von Gersdorff and Matthews, 1994).
The capacitance jumps by about 150 fF within 200 msSummary
and then plateaus, suggesting that a pool of synaptic
vesicles can be released rapidly and that it is of limitedWe relate the ultrastructure of the giant bipolar syn-
size. To determine how many vesicles constitute thisapse in goldfish retina to the jump in capacitance
rapidly releasable pool, we measured their mean diame-that accompanies depolarization-evoked exocytosis.
ter in electron micrographs and used it to calculate anMean vesicle diameter is 29 6 4 nm, giving 26.4 aF/
average capacitance pervesicle. We also asked whethervesicle, so the maximum evoked capacitance (150 fF
the rapidly releasable pool might correspond to the poolwithin 200 ms) represents fusion of about 5700 vesi-
tethered to the entire surface of all the synaptic ribbons.cles. Two terminals contained, respectively, 45 and 65
An answer to this question required finding the numberribbon-type synaptic outputs, and a fully loaded ribbon
of active zones (i.e., ribbons) per terminal and the num-tethers about 110 vesicles. Thus, the tethered pool,
ber of ªdepotº sites per ribbon. To determine these pa-about 6000 vesicles, corresponds to the rapidly re-
rameters, we examined the synaptic structure of gold-leased pool. Further, the difference between small
fish bipolar cell terminals quantitatively by electronand large terminals in number of tethered vesicles
microscopy and reconstructed two giant terminals frommatches their difference in capacitance jump. This
electron micrographs of serial sections. The ultrastruc-suggests, within a ªfire and reloadº model of exo-
tural evidence suggests that the readily releasable poolcytosis, that the ribbon translocates synaptic vesicles
identified in capacitance experiments corresponds tovery rapidly to membrane docking sites, supporting a
the entire pool of vesicles tethered to ribbons in themaximum release rate of 500 vesicles/active zone/s,
terminal and thus that the vesicles on the ribbon canuntil the population of tethered vesicles is exhausted.
be released within 200 ms during depolarization. This
indicates that the population of vesicles on the ribbonsIntroduction
can undergo rapid exocytosis and provides a clear func-
tion for the synaptic ribbon as a specialization for in-Since ribbon synapses were first observed by electron
creasing the pool of readily releasable synaptic vesicles.microscopy, their special function has been subject to
speculation (Eccles, 1964; Burns and Augustine, 1995;
De Camilli, 1995). The ribbon synapse resembles a con- Results
ventional one in that both have an ªactive zone,º i.e., a
patch of presynaptic membrane where synaptic vesicles Structure
cluster (dock) and where also cluster large intramem- A slice through a giant terminal (Figure 1A) shows the
brane particles, corresponding in part to voltage-sensi- initial dilation of the axon to be densely packed with
tive Ca21 channels (Raviola and Gilula, 1975; Pumplin mitochondria. The rest of the terminal is filled evenly
et al., 1981; Roberts et al., 1990; Robitaille et al., 1990). with small, clear synaptic vesicles (no dense core vesi-
Apparently, docked vesicles at both types of synapse cles), plus some larger membranous structures from
share a similar final common pathway to fusion. The which small vesicles appear to ªbudº (Figure 1B). We
main difference seems to be the presence of the ribbon calculate (density of vesicles within a section 3 area in
itself: vesicles tether to it by short arms (25 nm fila- each section occupied by vesicles 3 number of sec-
ments), and the basal edge of the ribbon anchors to the tions) that the small terminal contained z480,000 vesi-
presynaptic membrane. Consequently, tethered vesi- cles and the large one contained z910,000.
cles in the rows on either side of the basal edge of We measured vesicle diameter (mean of the inner plus
the ribbon are held literally within their arm's length of outer diameter measurements) and compared vesicles
docking sites (see Figure 3). Thus, the idea developed free in the cytoplasm with those near ribbons and those
early that the ribbon acts somehow as a conveyor to attached to ribbons. There was no difference. The
speed vesicles to their docking sites (Bunt, 1971; Gray pooled measurements (n 5 226) showed a symmetrical
and Pease, 1971). This implies an unconventionally high distribution whose best fitting had a mean 6 standard
deviation of 29 6 4 nm (Figure 2). Since the section
thickness is almost three times the mean vesicle diame-²Present address: Abteilung Membranbiophysik, Max-Planck-Insti-
ter, true diameters would rarely be underestimated duetut fuÈ r biophysikalische Chemie, D-37077 Am Fassberg, GoÈ ttingen,
Federal Republic of Germany. to the major part of a vesicle being cut away. Therefore,
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Figure 1. Electron Micrographs of Giant Bi-
polar Terminal
(A) Low magnification view of whole terminal.
Upper region filled with mitochondria (m);
lower region filled with synaptic vesicles.
Arrow (r) points to one synaptic ribbon. Dark
regions near the presynaptic membrane at 6
or 12 o'clock are not ribbons but patches of
membrane smeared in oblique view.
(B) High magnification of inset showing
coated vesicles apparently budding from en-
dsomal membrane. Scale in (B) is twice that
in (A).
there was no need to correct for this potential source
of error. The membrane area of one vesicle is 2.6 3 1023
mm2, so the vesicles within a terminal occupy approxi-
mately six times the area of the plasma membrane of
the terminal.
The synaptic ribbon viewed perpendicular to its face
appears as a multilamellar structure, with three dense
lamellae separated by two pale ones, all of similar thick-
ness and totaling about 50 nm (Figure 3A). The ribbon
anchors to the presynaptic membrane at a distance of
about one vesicle diameter and juts into the cytoplasm
for about 150 nm. This ribbon height agrees with mea-
surements made from previously published electron mi-
crographs of goldfish bipolar cells (Yazulla and Stud-
Figure 2. Distribution of Measured Diameters of Synaptic Vesicles holme, 1991). Vesicles tether via fine filaments about 25in Giant Bipolar Terminal
nm long to the face of the ribbon (Figure 3A; see also
Diameters are mean of inner plus outer diameter of vesicle mem-
Usukura and Yamada, 1987), but not to its free marginbrane. By comparison, mean vesicle diameter was estimated to be
in the cytoplasm. So in this view, vesicles form an almost32 nmin hair cells (Parsons etal., 1994) and 33 to 38 nm in hippocam-
pus (Harris and Sultan, 1995). complete halo around the ribbon.
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Figure 3. Electron Micrographs of Active Zone, Including Synaptic
Ribbon
(A) Section perpendicular to broad face of ribbon. Vesicles tether to
both faces of ribbon, forming a ªhalo,º shown here in one dimension.
(B) En face view. Image is fuzzy because it includes the electron-
dense ribbon sandwiched by the two layers of synaptic vesicles.
The two-dimensional ªhaloº tethered to both faces accommodates
about 100 vesicles. Scale bar is the same for (A) and (B).
Figure 4. Two Giant Bipolar Terminals Reconstructed from Electron
Micrographs of Serial Sections
The synaptic ribbon viewed en face is roughly elliptical (A) Upper view: whole terminal; dark line marks section where termi-
(Figure 3B), its major axis up to 400 nm and its minor nal was sliced and opened (like an orange) to show the inside face
of each half (below). Lower view: stereo pairs of each half of theaxis about 150 nm. The area, including the halo, we
terminal viewed from the cut surface. Circles indicate 65 activecalculated to be 0.0516 mm2 (n 5 3). In both vertical and
zones, marked (as in Figure 1A) by synaptic ribbons.en face views, vesicles tethered to the ribbon appear
(B) Same views of a second, smaller terminal with 45 active zones.
triangularly packed with about 34 nm between centers.
We calculate that each face of the ribbon tethers 5 rows
of 11 vesicles per row: about 55 vesicles per face. The Within minutes, they are absorbed into the terminal
proper as it assumes a roughly spherical shape. Therows along both sides of thebase of the ribbon touch the
presynaptic membrane. By analogy with conventional appendages contain quite a few active zones (8 in the
smaller terminal, 22 in the larger one; Figure 4), andactive zones, these would represent ªdockedº vesicles.
The reconstructed terminals (Figure 4) appear as de- it is unclear whether they remain functional when the
appendages are absorbed. We assume in the follow-scribed by Golgi impregnation (Ishida et al., 1980; Sherry
and Yazulla, 1993) and as seen in vitro after acute disso- ing comparison with physiological measurements that
they do.ciation (Kaneko and Tachibana, 1985; Heidelberger and
Matthews, 1992): giant bulbs, 8 mm and 10 mm in diame- The small and large terminals, including appendages,
contained 45 and 65 active zones, respectively, withter, respectively, with coarse lateral appendages. These
appendages are observed in vitro immediately following associated ribbons. Since each ribbon tethers about
110 vesicles, the terminals must tether in toto 4950 anddissociation of the retina for physiological experiments.
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7150 vesicles, of which about 1000 and 1400 are proba-
bly docked.
The bipolar terminals were never observed to form
conventional synapses. That is, vesicles were clustered
at the bipolar cell membrane only in association with a
ribbon. Nor did we observe ªbasal junctionsº such as
reported at cone terminals where there are postsynaptic
densities without obvious presynaptic vesicle clusters.
Sometimes synaptic vesicle sites were present at the
surface of the bipolar membrane but without obvious
clustering and without postsynaptic density. In contrast,
numerous amacrine profiles formed conventional syn-
apses onto the bipolar terminal. These were marked by
well-defined presynaptic clusters of synaptic vesicles
and postsynapticdensification of thebipolar membrane.
Thus, the morphology suggests that ribbon synapses
are the primary sites of exocytosis in the giant bipolar
cell terminal.
Capacitance Measurements
To step depolarizations of variable duration, the capaci-
tance response plateaus at about 150 fF (von Gersdorff
and Matthews, 1994). Taking 10 fF/mm2 as the specific
capacitance of the vesicle membrane (Fettiplace et al.,
1971; Breckenridge and Almers, 1987), a single vesicle
of 29 nm diameter has a capacitance of 26.4 aF. So a
capacitance jump of 150 fF corresponds to exocytosis
of about 5700 vesicles. This corresponds with the total
number of vesicles tethered to the ribbons.
The smaller reconstructed terminal had 20 fewer syn-
aptic ribbons than the larger terminal and thus 2200
fewer tethered vesicles, so its maximal capacitance
jump should be smaller by z60 fF. This prediction is
examined in Figure 5, which plots for 40 terminals the
evoked capacitance jump versus total resting capaci-
tance. The latter is a convenient index of terminal size,
correlating well with the measured diameter of the
spherical isolated terminals. Despite some scatter, the
data are described by a straight line with a slope of
about 80 fF/pF (correlation coefficient 5 0.78). The two Figure 5. Larger Terminals Produce Larger Capacitance Jumps
reconstructed terminals (8 and 10 mm in diameter, ap- (A) Three examples of capacitance jumps in response to a single
250 ms depolarization from 260 mV to 0 mV, given at the arrow.proximately consistent with their measured volumes of
Smaller terminals have smaller measured resting capacitance, as302 and 528 mm3) should differ in resting capacitance
indicated by the vertical scale for each example. Time scale appliesby approximately 1 pF. For this difference in resting
to all three traces.capacitance, the average difference in capacitance (B) Magnitude of capacitance jump versus resting capacitance for
jumps should be about 80 fF (Figure 5), corresponding to 40 terminals. As in (A), the capacitance jump was measured just
about 3000 synaptic vesicles. Thus, the physiologically after a single depolarizing pulse.
observed difference in capacitance jumps for terminals
of different size is close to that expected from differ- them (defined by the presence of a synaptic ribbon;
ences in the number of synaptic ribbons and hence in Figure 4), the rate per active zone would be 510
the total population of tethered synaptic vesicles.
vesicles/s. That the difference in capacitance jump be-
tween small and large terminals matches the difference
in their numbers of active zones further strengthens theDiscussion
result (Figure 5). Our calculated rate is identical to that
at the ªdense bodyº synapse of the frog saccular hairRibbon Synapses Achieve High Rates
of Exocytosis cell (10,000 vesicles/s 4 20 active zones 5 500 vesi-
cles/s; Parsons et al., 1994). In bipolar cell terminals,Assuming an average vesicle diameter of 29 nm (Figure
2; thus, 26.4 aF/vesicle)and a straight line fit to the plot of this high release rate declines sharply within 200 ms of
continuous stimulation, as though some vesicle poolcapacitance jump size versus duration of depolarization
(slope 5 730 fF/s; von Gersdorff and Matthews, 1994), has been exhausted, and we have shown that this pool
corresponds in size to that tethered to the ribbons. How-the release rate would be 28,000 vesicles/s. Assuming
further that exocytosis is confined to active zones and ever, hair cells sustain the peak release rate for seconds
with no sign of decrement, at least 10-fold longer thanthat an average giant bipolar terminal contains 55 of
Rapid Release at a Ribbon Synapse
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in bipolar cell terminals. The dense body tethers 5-fold at peak rates calculated to be about 40 quanta/active
zone/s (Freed and Nelson, 1994; Kier et al., submitted).more vesicles than the bipolar ribbon, but this leaves a
factor of at least two unexplained. These rates now appear to be less than 10% of the peak
rate that a ribbon synapse can achieve. This seemsBy comparison, a conventional active zone, stimu-
lated for a comparable period (hundreds of millisec- quite reasonable for the photoreceptor synapse, which
operates in a voltage range below that required for maxi-onds), releases quanta at much lower rate. For instance,
the retinal amacrine cell synapse and the hippocampal mal Ca21 current activation (Rieke and Schwartz, 1994)
and possibly for OFF-type bipolar cells. Thus, certainbouton both release at about 20 quanta/active zone/s
(Borges et al., 1995; Stevens and Tsujimoto, 1995). Only ribbon synapses in cells that hyperpolarize to illumina-
tion seem designed for a comfortable safety margin.one of the apparently ªdockedº vesicles clustered at
the presynaptic membrane at these synapses is thought However, the giant bipolar terminal responds in situ
to a light pulse with a large, rapid depolarization (>20tobe functionally competent to fuse (Stevens and Wang,
1995), so the sustained release rate of 20 quanta/s repre- mV in conventional intracellular recordings and lasting
z200 ms; Saito and Kujiraoka, 1982). This would activatesents the fusion rate at a single docking site. If we as-
sume at a ribbon synapse that each of the approximately the Ca21 current as strongly as in our voltage-clamp
experiments, suggesting that natural stimuli can dis-22 docking sites at the base of the ribbon is in fact a
functional release site, then each site must produce 23 charge vesicles at near the peak rate. Apparently the
ribbon, by providing an auxillary mechanism for rapidfusions/s to support the overall rate of 500/ribbon/s.
This similarity in the rate per fusion site suggests that reloading, allows a single active zone to exploit the same
range of ªfiringº as the spiking mechanism in a wholethe basic mechanism underlying fusion and reloading is
the same for both types of synapse. The ribbon synapse neuron (0±500/s). The characteristic rate could vary
among different ribbon synapses, depending on thewould then offer two advantages: greater compactness
for high rates of information transfer (de Ruyter van specific combinations and locations of presynaptic ion
channels (Jackson, 1995). This could explain a big puz-Steveninck and Laughlin, 1996) and a correspondingly
larger pool ready for release. zle of retinal circuitry: why a set of cones should feed
one ganglion cell via three different types of bipolar cell
(Cohen and Sterling, 1992). Perhaps each bipolar typeHow Do Tethered Vesicles Become Docked?
releases transmitter quanta at a characteristic rate andA rate of 500 fusions/ribbon synapse/s allows 40 ms for
duration, thus transmitting a particular segment of theeach docking site to reload. This might occur by sliding
temporal bandwidth of the cone.tethered vesicles down the ribbon via molecular motor
or simple diffusion; either mechanism would be fast
Experimental Proceduresenough over the z50 nm distance (Rao-Mirotznik et
al., submitted). However, if the ribbon simply presses
Structure
multiple rows of tethered vesicles against the regions A light-adapted goldfish (10 cm in length) was decapitated, and one
of presynaptic membrane that flank it in a V, then sliding eye was removed and hemisected. After removal of the vitreous,
would be unnecessary (Figure 3A; see also Raviola and the eye cup was placed in fixative (1.6% glutaraldehyde plus 1%
paraformaldehyde in 0.1 M phosphate buffer, with 0.15 mM CaCl2)Gilula, 1975; Sejnowski and Yodlowski, 1983; Fields and
in the refrigerator overnight. The eye cup was then rinsed in buffer,Ellisman, 1985). This could explain how flash photolysis
treated for 1 hr with 2% OsO4 (in 0.1 M phosphate buffer plus 4%of caged Ca21 can discharge the whole readily releas-
sucrose plus 0.15 mM CaCl2), followed by methanolic uranyl acetate.able pool in 1 ms, which is far too rapid for a sliding After dehydration, the tissue was embedded in epoxy resin. From
mechanism (Heidelberger et al., 1994). But a static a block of central retina, we cut radial sections, estimated to be 82
mechanism would not suffice for the hair cell synapse nm in thickness on average, and collected about 200 sections in
serial order. Two giant Mb1 bipolar-cell terminals (Ishida et al., 1980;because only a fraction of vesicles tethered to its spheri-
Sherry and Yazulla, 1993) adjacent to each other in sublamina b ofcal dense body touch the presynaptic membrane. Since
the inner plexiform layer were photographed in the electron micro-other mechanisms might explain the flash photolysis
scope at 50003 in successive sections. Tracings were made from
result, e.g., compound fusion (Alvarez de Toledo and these micrographs onto mylar sheets aligned on a cartoonist's jig.
Fernandez, 1990), we currently favor a sliding mecha- Tracings were then digitized, stackedby computer, and displayed as
nism for the release driven by Ca21 current. stereo pairs (Montage program from Smith, 1987). Selected regions
were photographed at 10,0003 and 30,0003 to count and measure
small structures such as synaptic vesicles and ribbons.
Quantal Rates for Signal Transmission We doubt that there was much shrinkage in this material. In previ-
ous studies using the same preparative procedures, measurementsDespite broad efforts to learn what regulates quantal
of distance between landmarks before and after dehydrationrelease (Betz and Wu, 1995; Matthews, 1996), the actual
showed no shrinkage (Tsukamoto et al., 1992). Furthermore, therelease rate used to transmit a biologically relevant sig-
reconstructions faithfully reproduce the size and morphology ofnal through an identified neural circuit has rarely been
various neural types known from intracellular dye-filling without de-
measured or calculated. Where this has been done for hydration (Kier et al., 1995). Since these comparisons are made on
ribbon synapses, the results are consistent: mammalian vastly larger scales than synaptic vesicles, they could be irrelevant.
However, we also note that the vesicles tethered to a synaptic ribbonrod (one large ribbon) transmits a binary signal (0 or 1
commonly show space-filling, triangular packing, which they wouldphoton) via tonic secretion calculated to be at least
not do had they shrunk after fixation. Comparisons of vesicle size40 quanta/s (Rao et al., 1994), turtle cone (20 ribbons)
in chemically fixed and rapid-frozen material shows small differ-transmits a graded signal via tonic secretion calculated
ences, but they are contradictory, being larger for chemical fixation
to be about 20 quanta/active zone/s (Ashmore and Co- in one case (Brewer and Lynch, 1986) and larger for freeze±
penhagen, 1983), and cat bipolar cell array (150±1500 substitution inanother (z20% larger glutamatergic vesicle diameter;
Tatsuoka and Reese, 1989). Since there is no clear reason to correctribbons) transmits a graded signal to the b ganglion cell
Neuron
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our measurements of vesicle diameter and no empirical basis to do Burns, M.E., andAugustine, G.J. (1995). Synapticstructure andfunc-
tion: dynamic organization yields architectural precision. Cell 83,so, we have used the raw measurements in our calculations.
187±194.
Capacitance Measurements Cohen, E., and Sterling, P. (1992). Parallel circuits from cones to
Preparation of isolated goldfish retinal bipolar neurons and synaptic the on-beta ganglion cell. Eur. J. Neurosci. 4, 506±520.
terminals was as described previously (Heidelberger and Matthews,
De Camilli, P. (1995). Keeping synapses up to speed. Nature 375,1992; von Gersdorff and Matthews, 1994). Pieces of isolated retina
450±451.were treated with hyaluronidase followed by papain and then me-
de Ruyter van Steveninck, R.R., and Laughlin, S.B. (1996). The ratechanically dissociated. Electrical measurements of Ca21 currents
of information transfer at graded-potential synapses. Nature 379,and membrane capacitance were made using conventional whole-
642±645.cell patch-clamp recordings. Capacitance was monitored with a
sinusoidal driving voltage and a two-phase lock-in amplifier (Lindau Eccles, J.C. (1964). Physiology of Synapses (Berlin: Springer-
and Neher, 1988) or with the automatic capacitance-compensation Verlag).
feature of the computerized EPC-9 patch-clamp amplifier (Sigworth
Fettiplace, R., Andrews, D.M., and Haydon, D.A. (1971). The thick-et al., 1995). Both the resting capacitance and the size of the saturat-
ness, composition and structure of some lipid bilayers and naturaling capacitance jump in response to depolarization were determined
membranes. J. Membr. Biol. 5, 277±296.in each synaptic terminal. Synaptic terminals were maintained at
Fields, R.D., and Ellisman, M.H. (1985). Synaptic morphology and260 mV and depolarized for 250 ms to 0 mV, a membrane voltage
differences in sensitivity. Science 228, 197±199.that activates peak Ca21 current (von Gersdorff and Matthews,
1994). There is no appreciable inactivation of Ca21 current during Freed, M.A., and Nelson, R. (1994). Conductances evoked by light
this stimulus (von Gersdorff and Matthews, 1996). This duration of in the On-beta ganglion cell of cat retina. Vis. Neurosci. 11, 261±269
stimulation is sufficient to elicit a maximal capacitance response,
Gray, E.G., and Pease, H.L. (1971). On understanding the organiza-
which can be repeatedly elicited for up to 20 min. The saturation of
tion of retinal receptor synapses. Brain Res. 35, 1±15.
the response reached with 250 ms pulses cannot be due to loss
Harris, K.M., and Sultan, P. (1995). Variation in number, locationof resupply mechanisms (endocytosis and axonal transport), since
and size of synaptic vesicles provides an anatomical basis for thecapacitance responses are followed by rapid endocytosis (see Fig-
nonuniform probability of release at hippocampal CA1 synapses.ure 4) and the store of apparently free vesicles in the terminal is
Neuropharmacology 34, 1387±1395.100-fold larger than the tethered pool (Figure 1). The patch-pipette
solution contained the following: 120 mM Cs-gluconate, 10 mM Heidelberger, R., and Matthews, G. (1992). Calcium influx and cal-
TEA-Cl, 25 or 35 mM HEPES, 2 or 3 mM MgCl2, 2 mM Na2ATP, 0.5 cium current in single synaptic terminals of goldfish retinal bipolar
mM EGTA or BAPTA at pH 7.2. The external solution contained the neurons. J. Physiol. (Lond.) 447, 235±256.
following: 115 mM NaCl, 2.6 mM KCl, 1.0 mM MgCl2, 2.5 mM CaCl2, Heidelberger, R., Heinemann, C., Neher, E., andMatthews, G. (1994).
10 mM HEPES at pH 7.3. Calcium dependence of the rate of exocytosis in a synaptic terminal.
Nature 371, 513±515.
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